Introduction 61
Long-term potentiation (LTP) is an extensively studied form of activity-dependent synaptic 62 plasticity (Bliss & Collingridge, 1993) . Brief high-frequency stimulation (HFS) of Schaffer 63 collateral synapses, the primary excitatory efferent connection between CA3 and CA1 pyramidal 64 neurons in the hippocampus, results in a long-lasting change in the strength of synaptic 65 transmission that is mediated primarily through the modification and membrane recruitment of 66 excitatory postsynaptic receptors on dendritic spines (Diering & Huganir, 2018; Lamprecht & 67 LeDoux, 2004) . Accordingly, alteration of dendritic spine structure and synaptic composition can 68 impact neuronal transmission and activity-dependent plasticity. 69
First described in the embryonic central nervous system, the secreted chemotropic 70 guidance cue, netrin-1, regulates cytoskeletal reorganization, mediates cell adhesion, and directs 71 cell and axon migration (Keino-Masu et al., 1996; Kennedy, Serafini, de la Torre, & Tessier-72 Lavigne, 1994 ; Lai Wing Sun, Correia, & Kennedy, 2011). In the mature nervous system, 73 conditional deletion of netrin-1 from principal excitatory forebrain neurons impairs activity-74 dependent plasticity, and bath application of exogenous netrin-1 results in rapid synaptic 75 recruitment of Ca 2+ -permeable AMPARs (Glasgow et al., 2018) . Further, hippocampal-76 dependent spatial memory is impaired in mice conditionally lacking netrin-1 in principal 77 excitatory forebrain neurons (Wong et al., 2019 ), suggesting that netrin-1 signaling has a critical 78 role in synaptic plasticity underlying hippocampal-dependent spatial memory. 79
The canonical netrin-1 receptor, deleted in colorectal cancer (DCC), is essential for 80 neural development and widely expressed in the mature nervous system (Keino-Masu et al., 81 1996; Volenec, Bhogal, Moorman, Leslie, & Flanigan, 1997). DCC null mice die within a few 82 hours following birth, making it impossible to study DCC loss-of-function in adults using 83 conventional knockouts (Fazeli et al., 1997) . To investigate the specific functional role of DCC 84 at presynaptic and postsynaptic sides of the Schaffer collateral synapse in the mature brain, we 85 removed a floxed dcc allele using subregion-specific Cre recombinase driver mouse lines. 86
Selective deletion of DCC from CA1 glutamatergic neurons increased thin-type dendritic spines 87 with concomitant reduction in mushroom-type dendritic spines, decreased amplitude of 88 spontaneous excitatory postsynaptic currents, and impaired spatial memory, but resulted in no 89 change in HFS-induced LTP. In contrast, mice selectively lacking DCC expression by CA3 90 glutamatergic neurons showed impaired contextual spatial memory accompanied by reduced 91 basal excitatory synaptic transmission and attenuated HFS-induced LTP; our findings provide 92 evidence that these deficits are due to reduced DCC-mediated presynaptic vesicular mobilization 93 in CA3 neurons. These findings reveal distinct pre-and postsynaptic functions for DCC at 94
Schaffer collateral synapses contributing to synaptic plasticity underlying memory consolidation 95 in the adult brain. 96
97
Results 98
Subregion-specific conditional deletion of DCC in the adult hippocampus 99
DCC is enriched at synapses and widely expressed by neurons throughout the adult brain, 100 including the hippocampus (Horn et al., 2013; Volenec et al., 1997) . To investigate whether 101 DCC contributes to synaptic transmission in the adult brain through distinct pre-and post-102 synaptic mechanisms, we selectively deleted a floxed dcc allele from either CA3 or CA1 103 excitatory pyramidal neurons by Cre expression regulated by Grik4 (Grik4-Cre/DCC fl/fl ) or 104 R4ag11 (R4ag11-Cre/DCC fl/fl ) promoters, respectively. Cre recombinase in Grik4-Cre and 105
R4ag11-Cre mice is first detectable at P14 and P17, respectively, and recombination is maximal 106 at 8 weeks of age (Dragatsis & Zeitlin, 2000; Nakazawa et al., 2002; Zakharenko et al., 2003) . 107
Critically, Cre expression is initiated after developmental axon guidance is complete, and both 108 Grik4-Cre/DCC fl/fl and R4ag11-Cre/DCC fl/fl mice are viable. To confirm hippocampal subregion 109 selectivity of DCC deletion, we assessed levels of DCC protein using Western blot analyses. 110
Homogenates of microdissected adult hippocampi revealed reduced levels of DCC protein in 111 CA1 homogenate from R4ag11-Cre/DCC fl/fl mice compared to Cre-negative DCC fl/fl wildtype 112 littermates ( Figure 1A ). Levels of DCC protein were comparable in isolated CA3 homogenates, 113 indicating specific deletion of DCC from CA1 pyramidal neurons. Equal levels of DCC protein 114 were detected in microdissected CA1 homogenates in Grik4-Cre/DCC fl/fl mice and Cre-negative 115 DCC fl/fl littermates. In contrast, less DCC protein was detected in isolated CA3 homogenates 116 from Grik4-Cre/DCC fl/fl mice compared to wild-type littermates, consistent with specific deletion 117 of DCC from CA3 pyramidal neurons using Grik4-Cre/DCC fl/fl mice ( Figure 1A ). These findings 118 confirm subregion-specific deletion of DCC in the mature hippocampus using targeted Cre 119 recombination. 120 
Selective deletion of DCC from CA1 glutamatergic neurons impairs spatial memory 135
In a previous study, DCC co-fractionated with detergent-resistant components of postsynaptic 136 density, and both confocal and immuno-electron microscopy supported post-synaptic enrichment 137 of DCC, however, these findings did not rule out the possibility that DCC might be also be 138 present on the presynaptic side of the Schaffer collateral synapse (Horn et al., 2013) . DCC 139 expression by glutamatergic excitatory neurons is required for spatial memory formation (Horn 140 et al., 2013) , however DCC was deleted from both CA1 and CA3 hippocampal pyramidal 141 neurons in these studies and respective functional contributions made by presynaptic and 142 postsynaptic DCC were not addressed. 143
To assess the role of CA1 DCC expression in the consolidation of hippocampal-144 dependent spatial memory, R4ag11-Cre/DCC fl/fl and wild-type age-matched littermate mice (Cre-145 negative DCC fl/fl mice) were first tested on a modified Barnes maze paradigm. Briefly, mice were 146 trained over 2 days on a circular open field table with equally spaced holes. One hole ("target") 147 was attached to an escape box, and relies on the innate preference of rodents to seek enclosed 148
spaces compared to open fields (Attar et al., 2013; Barnes, 1979) . R4ag11-Cre/DCC fl/fl mice did 149 not exhibit any difference in the latency to escape to ( Figure 1C ), or number of nose pokes 150 ( Figure 1D ) into the target hole, compared to control mice, indicating intact sensory and motor 151 functions, and consistent with normal cognitive spatial map formation (Brody & Holtzman, 152 2006 ). Twenty four hrs following the final training session, the mice were subjected to a probe 153 trial in which the escape box was removed. R4ag11-Cre/DCC fl/fl mice spent significantly less 154 time in the target quadrant compared to control littermates, and explored each quadrant at chance 155 levels (25%) ( Figure 1E ). These findings provide evidence that deletion of DCC from CA1 156 pyramidal neurons results in a significant impairment in spatial memory performance. 157
Previous work has suggested that DCC is localized to the presynaptic terminal of 158 developing retinal ganglion cell (RGC) axons during target innervation (Manitt, Nikolakopoulou, 159 Almario, Nguyen, & Cohen-Cory, 2009), and although substantial evidence supports post-160 synaptic DCC localization and function, presynaptic DCC at the Schaffer collateral synapse had 161 not been ruled out. To determine a role for DCC expression in CA3 pyramidal neurons during 162 spatial memory, we tested the performance of Grik4-Cre/DCC fl/fl mice and their control wild-type 163 littermates on the same modified Barnes maze. No significant differences were detected in 164 escape latency ( Figure 1F ), and Grik4-Cre/DCC fl/fl mice showed a non-significant decrease in the 165 number of nose pokes into the target hole ( Figure 1G ) during the training phase (p = 0.055). 166
Following a 24 hr delay, mice were assessed for time spent in the quadrant previously containing 167 the escape box. In contrast to selective deletion of DCC from CA1 pyramidal neurons, Grik4-168 Cre/DCC fl/fl mice spent significantly more time in the target quadrant compared to other non-169 target quadrants, and did not differ significantly compared to wild-type littermates ( Figure 1H Cre/DCC fl/fl : n = 7, -1.0±2.8 s, , Control: n = 9, 6.5±1.2 s; t14=2.74, p = 0.016) and showed 181 reduced investigation ratio (D; R4ag11-Cre/DCC fl/fl : n = 7, 0.47±0.08, Control: n = 9, 0.69±0.04; 182 t14=2.69, p = 0.017 suggest that Barnes maze protocols may be anxiogenic (Pitts, 2018) . To assess whether mice 191 conditionally-lacking DCC in CA1 or CA3 pyramidal neuron showed impaired hippocampal-192 dependent contextual spatial memory function using a non-anxiogenic task, we assessed R4ag11-193 Cre/DCC fl/fl or Grik4-Cre/DCC fl/fl mice using a novel object place recognition test (NOPR; 194 test phase, we observed no significant differences in total exploration time between R4ag11-196 Cre/DCC fl/fl and control mice ( Figure 2B ). However, consistent with impaired spatial memory, 197
R4ag11-Cre/DCC fl/fl mice spent significantly less time investigating the displaced object ( Figure  198 2C) and showed a significant reduction in investigation ratio compared to wild-type littermates 199 ( Figure 2D ). Grik4-Cre/DCC fl/fl mice showed no difference in total exploration time ( Figure 2E ), 200 but spent less time with the displaced object ( Figure 2F ) and showed decreased investigation 201 ratio compared to control mice ( Figure 2G ), indicating that DCC deletion from CA3 neurons 202 impairs spatial memory performance on the NOPR task. These findings provide evidence that 203 DCC expression by both CA1 and CA3 pyramidal neurons contribute to contextual spatial 204 memory formation that requires object discrimination. 205
Recognition of object location novelty evaluates the ability to recognize a familiar object 206 in a new location, and co-opts intrinsic novelty-seeking behaviour (Antunes & Biala, 2012) . 207
However, NOPR requires visual discrimination and intact object recognition, which are mediated 208 by non-hippocampal brain regions (Mumby & Pinel, 1994) . To examine whether non-209 hippocampal object recognition performance was impaired in mice conditionally-lacking DCC 210 from either CA1 or CA3 pyramidal neurons, we assessed R4ag11-Cre/DCC fl/fl or Grik4-211 Cre/DCC fl/fl mice using a novel object recognition task ( Figure 3A ). Consistent with normal 212 visual function, we observed no significant differences in the total exploration time, proportion 213 of time spent exploring novel objects, or investigation ratio in R4ag11-Cre/DCC fl/fl ( Figure 3B 7A). We found that the amplitude of sEPSC events were significantly decreased compared to 363 events from age-matched control mice ( Figure 7B) . In contrast, we detected no significant 364 differences in sEPSC frequency ( Figure 7C 
Deletion of postsynaptic DCC alters dendritic spine morphology 392
Synaptic modification during learning has been proposed to play a critical role in the 393 consolidation of new memories (Bliss & Collingridge, 1993) . We observed that animals lacking 394 DCC in CA1 pyramidal neurons exhibited significant deficits in spatial memory, but did not 395
show any alteration in the propensity for CA1 LTP induction (Figures 1 and 6 ). However, we 396 also identified smaller sEPSC amplitudes in R4ag11-Cre/DCC fl/fl mice, suggesting a subtle 397 change in excitatory synaptic transmission in the absence of DCC, which may underlie spatial 398 memory impairments. Indeed, spatial memory function has been associated with changes in 399 dendritic spine morphology in CA1 pyramidal neurons ( Figure 8B ). In contrast, the average length 407 and width of dendritic spines were significantly reduced along the apical dendrites of CA1 408 pyramidal neurons from R4ag11-Cre/DCC fl/fl mice compared to control littermates ( Figure 8B) . 409
These results indicate that postsynaptic deletion of DCC from CA1 pyramidal neurons does not 410 affect dendritic spine density, but reduces average spine length and width along the apical 411 dendrites of CA1 pyramidal neurons. 412
Dendritic spines can be grouped into three major categories: thin, mushroom, and stubby 413 (Rochefort & Konnerth, 2012) . Thin-type spines have longer lengths than head diameters, and 414 mushroom-type spines have head sizes that greatly exceed neck length (Bourne & Harris, 2007) . 415
Stubby-type spines are transient, characterized by short neck lengths and wide diameters, and are 416 considered immature, showing robust increases in overall volume following plasticity-inducing 417 protocols (Matsuzaki, Honkura, Ellis-Davies, & Kasai, 2004). To determine whether DCC 418 deletion in CA1 pyramidal neurons impacted dendritic spine morphology, we examined the 419 density of different spine types (mushroom, thin, stubby) in wild-type littermates and CA1 DCC 420 cKO mice. We detected a significant increase in the number of stubby spines and reduction of 421 mushroom spines in CA1 DCC cKO mice, with no significant change in thin spines ( Figure 8C) . 422
Together, these findings identify a DCC-mediated contribution to the maturation, maintenance, 423 and stabilization of mature spine structures in CA1 pyramidal neurons. 424 spatial training decreased the number of stubby spines and increased the number of mushroom-477 type spines along the apical dendrites of CA1 pyramidal neurons, suggesting that stubby spines 478 mature into more stable mushroom-type spines following consolidation (Mahmmoud et al., 479 2015) . Selective deletion of DCC from CA1 pyramidal neurons may therefore allow for normal 480 spatial behaviour but impair consolidation due to impaired maturation and stabilization of 481 immature synapses. A preponderance of relatively immature PSDs in transient dendritic spines 482 may contribute to altered basal spontaneous synaptic amplitude in animals lacking DCC in CA1 483 pyramidal neurons (R4ag11-Cre/DCC fl/fl ) (Figure 7) . However, the persistence of LTP in 484 R4ag11-Cre/DCC fl/fl mice ( Figure 6 ) suggests that an increase in the proportion of stubby spines 485 is sufficient for the early phases of activity-dependent synaptic potentiation. 486
Consistent with impaired long-term memory consolidation, we observed behavioural 487 deficits in spatial tasks that required >24 hr delay periods between training and test probes. 488
Although not assessed here, it is possible that the HFS-induced LTP produced in R4ag11-489 Cre/DCC fl/fl mice may not exhibit the subsequent protein synthesis-dependent LTP late phase 490 (Steward & Schuman, 2001) . Recent work using Aplysia neurons demonstrated that local mRNA 491 translation at synaptic sites can be initiated by netrin-1, suggesting that DCC may regulate 492 protein synthesis following early phases of plasticity (Kim & Martin, 2015) . We have previously 493 demonstrated that bath application of netrin-1 rapidly recruits synaptic GluA1-containing 494
AMPARs through a DCC-dependent mechanism (Glasgow et al., 2018), but the contribution of 495 netrin-1 to late phase LTP in the mammalian brain is not clear. Consistent with roles in multiple 496 phases of LTP, initial increases in Ca 2+ -permeable AMPARs facilitate rapid synaptic 497 strengthening, which can be followed by GluA1-containing endocytosis and protein synthesis-498 dependent synaptic stabilization through insertion of GluA2-containing Ca 2+ DCC may limit or occlude netrin-1 mediated activation of L-type Ca 2+ channels and TRPCs to 552 prevent Ca 2+ -mediated de novo spine formation or modification of existing dendritic spines. In 553 contrast, deletion of DCC from CA3 neurons may limit Schaffer collateral synaptic plasticity 554 underlying memory formation, resulting in contextual spatial memory deficits. Consequently, 555 conditional deletion of DCC from either CA1 or CA3 pyramidal neurons, which make essential 556 contributions to spatial cognition, may impair structural plasticity and dendritic spine maturation 557 associated with learning and memory formation required for spatial memory tasks, such as the 558 NOPR and Barnes maze. 559 Cre-DCC f/f (CA3 DCC cKO) mice was observed by 6 months of age, therefore all experiments 570 were performed with mice at least 6 months old. Both males and females were used in 571 behavioural, electrophysiological, and immunohistochemical experiments. We observed no 572 statistically significant differences between sexes, and therefore all data were pooled for analysis. 573
Materials and Methods
Control experiments were performed using littermates that were negative for Cre and 574 homozygous for floxed alleles of dcc. 575 576
Western Blots 577
Animals were initially sedated with isoflurane gas and sacrificed via CO2 asphyxiation. 578
Microdissected CA1 and CA3 subregional hippocampal homogenates were collected for Western 579 blot analysis. Tissue samples were homogenized in RIPA buffer supplemented with protease and 580 phosphatase inhibitors (1 mg/mL aprotonin, 1 mg/mL leupeptin, 100 mM PMSF, and 0.5 M 581 EDTA, 1 mM Na3VO4 and 1 mM NaF). Protein levels were quantified using the bicinchoninic 582 acid protein assay (Pierce BCA kit, Thermo Fisher Scientific) and equal protein concentrations 583 were loaded on acrylamide gels. Proteins were separated using SDS-PAGE electrophoresis on 584 10% polyacrylamide gels, electroblotted onto nitrocellulose membranes, blocked in 5% non-fat 585 milk in PBS and incubated with primary antibodies overnight at 4ºC. The primary antibody used 586 was goat polyclonal anti-DCC A20 (1:1000; Santa Cruz Biotechnology, RRID: AB_2245770). 587
Horseradish peroxidase (HRP) conjugated secondary antibody (1:10 000) was subsequently 588 applied and visualized by reaction with chemiluminesence reagent (Clarity Western Blotting 589
Substrates Kit, BioRad) on radiography film (Carestream Blue X-ray film). 590 591
Barnes Maze 592
Spatial memory was evaluated in the Barnes maze as described previously (Attar et al., 2013) , 593 which consisted of a round table 70 cm in diameter with 12 equally spaced holes along the entire 594 perimeter. One of the holes was designated as the target hole containing an underneath ramp 595 attached to an escape tunnel. Training and test sessions lasted a total of 4 days (Attar et al., 2013; 596 Barnes, 1979) . All objects and spatial cues in the room, along with the position of the 597 experimenter, were unchanged during the training and testing sessions. The maze and escape 598 tunnel were cleaned with 70% ethanol between trials to remove any olfactory cues. Mice were 599 trained for 5-6 trials across 2-3 days, with each training trial 4 hrs apart per day. Mice were 600 initially placed in the middle of the table within an opaque starting chamber for 20 secs to 601 randomize the direction they are facing. Once the chamber was lifted, a loud buzzer sound 602 provided motivation to search for the escape tunnel. Each mouse was given 2 mins to search for 603 the target hole independently and allowed to stay in the box for 1 min. The buzzer sound was 604 immediately stopped once the mouse entered the box. For all training sessions, number of nose 605 pokes in the target holes, total number of holes searched, and escape latencies to the escape 606 tunnel were counted by an experimenter blind to the genotype. Twenty-four hrs following the 607 last training session, spatial memory was assessed using a probe trial in which the escape tunnel 608 was removed. For quantitative analysis, the maze was divided into 4 quadrants with 3 holes per 609 quadrants. Quadrants were labelled as: Target Day 1, mice were habituated to the square testing chamber (50 cm X 36 cm, 26 cm-high wall) for 618 5 mins without any added objects. On Day 2, during the "Sample Phase", mice were exposed to 619 two identical objects for 5 mins in two separate training sessions that took place 4 hrs apart. 620
Twenty-four hrs following the last training session called the "Choice Phase", one of the objects 621 was moved to a novel location in the square chamber and the mice were provided 5 mins to 622 explore both objects. An overhead camera recorded the mice in the square chamber throughout 623 training and testing, and exploration time was measured by an experimenter blind to the 624 genotypes. Objects and the test chamber were cleaned with 70% ethanol between trials to 625 remove any olfactory cues. 626
Exploration times were calculated as the total time in the probe trial the animal 627 investigated both objects (within one body length from an object with head pointed toward the 628 demonstrated to elicit a long-lasting enhancement of evoked EPSCs in the adult hippocampus. 698
Following stimulation, the cell was returned to voltage-clamp recording mode and held at -70 699 mV to record evoked responses. 700
Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded in voltage-clamp 701 mode at a holding potential of -70 mV in the presence of PTX (100 µM) to block GABAA-702 mediated synaptic currents. sEPSCs were analyzed using MiniAnalysis (Synaptosoft), and events 703 were detected using a threshold of 7 pA (>3 pA root mean square of baseline noise levels). 704
Cumulative distribution plots were generated using an equal number of randomly-selected events 705 per condition (100 per condition). 706 707
Statistical Analyses 708
Statistical analyses on parametric data were assessed using two-way repeated measures analysis 709 of variance (ANOVA) followed by Bonferroni's post-hoc test, one-way ANOVA followed by 710 Tukey's pairwise comparison test, and independent t-tests where appropriate. Analyses on 711 nonparametric data were assessed using two-tailed Mann-Whitney test. Normality, 712 homoscedasticity, and outlier tests were performed on all datasets. Data were analyzed using 713 
